Purpose To determine the contribution of intestinal PepT1 on the permeability and oral absorption of the β-lactam antibiotic drug cefadroxil. Methods The effective permeability (P eff ) of cefadroxil was evaluated in wild-type and PepT1 knockout mice following in situ single-pass intestinal perfusions. The plasma concentrationtime profiles of cefadroxil were also examined after oral gavage. 
INTRODUCTION
Proton-coupled oligopeptide transporters (POTs) are a family of membrane-bound proteins that are present in a broad range of species, from bacteria to mammals (1) . Physiologically, the POTs transfer di-and tripeptides, themselves products of protein degradation, and other peptide-like molecules across biological membranes into the cell cytosol. Although the process occurs against a concentration gradient, it is energized by the inwardly directed symport of protons down their concentration gradient and negative membrane potential. At present, four mammalian peptide transporters have been cloned, that is PepT1 (SLC15A1), PepT2 (SLC15A2), PhT1 (SLC15A4) and PhT2 (SLC15A3), details of which are available in these excellent reviews (2) (3) (4) .
PepT1, cloned first from a rabbit intestinal cDNA library (5) , is a high-capacity low-affinity transporter that moves small peptides with different sequences and charges, but not single amino acids or peptides longer than 3 amino acid residues. It is expressed predominantly in the small intestine, and to a lesser extent in the kidney, pancreas and liver (2) (3) (4) . Previous studies in rodents have shown that PepT1 was expressed at the apical membrane of enterocytes in the duodenum, jejunum and ileum of mice, but not in the colon (6, 7) . It was also demonstrated that the effective permeability of glycylsarcosine (GlySar) was reduced 10-fold in the small intestine of PepT1 knockout mice as compared to wildtype animals (7) . Moreover, the jejunal permeability of GlySar was significantly reduced by co-perfusions of cefadroxil at saturating concentrations in wild-type mice.
Cefadroxil, a first generation cephalosporin, is used to treat a diverse range of bacterial infections, such as urinary tract infections caused by E. coli and P. mirabilis, and pneumonia caused by S. pyogenes (8) . This broad-spectrum aminocephalosporin drug has a high bioavailability despite its anionic charge in the intestine and poor lipophilicity. Cefadroxil is very stable in vivo and is neither hydrolyzed in the acidic environment of the stomach nor degraded by intraor extracellular enzymes. The oral availability of cefadroxil is not affected by the presence of food and > 90% of the drug is recovered unchanged in the urine over 24 h. The drug also has a relatively long half-life (~95 min) and exhibits only about 20% binding to plasma proteins (8, 9) .
Due to the resemblance of its chemical structure to physiological occurring peptides, such as the presence of an α-amino group, carboxylic end and peptide bond (10), cefadroxil was verified as a substrate of PepT1 (11) . Consistent with this finding, the intestinal transport of cefadroxil was nonlinear and shown to obey Michaelis-Menten kinetics (12) (13) (14) . However, other transporters have also been implicated in the transport of cefadroxil. For example, renal PepT2 was responsible for most of the tubular reabsorption of cefadroxil, thereby, increasing the half-life of the drug and increasing its exposure in different tissues (15) . Given its location at the apical membrane of choroid plexus, PepT2 also acts to transport cefadroxil from CSF into this tissue, decreasing the concentration of drug in brain (16, 17) . Cefadroxil has a net negative charge at physiological pH and is transported by the organic anion transporters (OATs) (18, 19) . These transporters are present at the basolateral membrane of epithelial cells in renal proximal tubules, and are thought to be responsible for the active secretion of negatively charged endogenous and exogenous compounds, including cefadroxil. Although OAT1 (SLC22A6) and OAT3 (SLC22A8) are present in human kidney, OAT3 plays a stronger role in the active secretion of cephalosporins (20) . And finally, experiments in Xenopus oocytes expressing the rat organic anion transporting polypeptide 2 Oatp2 (Slco1a4) showed that cefadroxil was also a substrate for this transporter (21) .
Understanding the contribution of PepT1 toward the absorption and disposition of drugs has been a goal of several research groups for the past couple of decades. This transporter can influence the pharmacokinetics, especially the biopharmaceutical properties, of important therapeutic drugs including some β-lactam antibiotics, angiotensinconverting enzyme inhibitors and antiviral prodrugs, and the anticancer agent bestatin (2-4). However, no studies have provided definitive evidence on the quantitative contribution and relevance of PepT1 in the intestinal permeability and oral absorption of pharmacologically active agents including cefadroxil. Therefore, we proposed to study the in situ intestinal permeability of cefadroxil in wild-type and PepT1 knockout mice as a function of drug concentration, perfusate pH, regional permeability, and specificity. The in vivo absorption and disposition of cefadroxil were also examined in both genotypes after oral dosing of drug. 
MATERIALS AND METHODS

Chemicals
Animals
All studies were performed in 8-10 week old gendermatched wild-type (PepT1 +/+ ) and PepT1 knockout (PepT1 −/− ) mice (22) . The animals were kept in a temperature controlled room with 12-h light and dark cycles, and access to a standard diet and water ad libitum. All of the procedures were approved by the University of Michigan Committee on Use and Care of Animals (UCUCA), and adhered to the Principles of Laboratory Animal Care (NIH publication #85-23, revised in 1985).
In Situ Single-Pass Jejunal Perfusions
Wild-type and PepT1 knockout mice were fasted overnight prior to experimentation. Following sodium pentobarbital (40 mg/kg ip) anesthesia, the mice were placed on a heated pad to maintain body temperature and isopropyl alcohol was used to sterilize the abdomen. The abdomen was opened through a midline incision to expose the abdominal cavity and the small intestine. An 8 cm segment of the proximal jejunum was isolated, 2 cm distal from the ligament of Treitz, after which the intestinal segment was rinsed and cleaned with isotonic saline solution. Two glass cannulas (1.9 mm in diameter) were then inserted at the proximal and distal ends of this segment and fixed firmly in place with silk suture. Subsequently, animals were transferred to a temperature-controlled chamber (31°C) to maintain body temperature and the inlet cannula was connected to a 10 mL syringe containing 10 μM cefadroxil in perfusate buffer (pH 6.5). This buffer contained 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 135 mM sodium chloride, and 5 mM of potassium chloride. The intestinal segment was perfused at a rate of 0.1 mL/min for 90 min using a syringe pump (Harvard Apparatus, South Natick, MA). Water flux was measured using a gravimetric method and the animals were sacrificed at the end of experimentation. For concentration-dependent uptake studies, the perfusate contained cefadroxil over a wide range of values (0.01-25 mM). For pH-dependent studies (5.5 to 7.5), different ratios of 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) -tris(hydroxymethyl)aminomethane (Tris) and 10 mM MES -Tris were mixed, keeping the osmolarity of the buffer constant. Luminal pH was also altered by co-perfusing 10 μM cefadroxil with 0.1 mM dimethyl-amiloride (DMA). Specificity studies were performed by co-perfusing 10 μM cefadroxil with 25 mM of the following potential inhibitors: L-histidine (L-His), glycine (Gly), glycylproline (GlyPro), glycylsarcosine (GlySar), cephalexin, cephalothin, p-aminohippurate (PAH), or Nmethylnicotinamide (NMN).
In Situ Single-Pass Regional Perfusions in Intestines
Different regions of the small and large intestines were perfused simultaneously in wild-type and PepT1 knockout mice using a similar procedure to that described above for jejunal perfusions. However, for these experiments, a 2 cm length of duodenum was isolated (starting at the end of the stomach and ending at the ligament of Treitz), along with an 8 cm segment of jejunum (starting 2 cm distal to the ligament of Treitz), a 6 cm segment of ileum (starting 1 cm proximal to the cecum, and a 4 cm segment of colon (starting 1 cm distal to the cecum). All experiments were performed in pH 6.5 perfusate and 10 μM cefadroxil.
Analytical Method
Samples from the in-situ perfusion experiments were assayed for cefadroxil by high performance liquid chromatography (HPLC) using a Waters 616 pump, a Waters 717 autosampler, and a Waters 2487 dual λ absorbance detector set at 265 nm (Milford, MA). Separation was achieved on a Waters ODS-3 column (250×4.6 mm) using an isocratic mobile phase of 10% acetonitrile containing 0.01% trifluoroacetic acid (TFA) and 90% water containing 0.01% TFA, ambient temperature, at a flow rate of 1.0 mL/min. Prior to analysis, the perfusate samples were centrifuged at 11,000 g for 10 min and 20 μL of supernatant was injected into the HPLC system. The calibration curves of cefadroxil standards were linear over the concentration range of 0.001 to 25 mM, and the retention time for cefadroxil was 11 min.
Oral Administration of Cefadroxil
Wild-type and PepT1 knockout mice were fasted overnight (~14 h) prior to each experiment. Unlabeled cefadroxil was dissolved in 200 μL of water along with 0.5 μCi/g ( 3 H)cefadroxil for a total dose of 44.5 nmol/g. The solution was then administered by oral gavage to the mice using a 20 G needle. Blood samples (15-20 μL) were collected by tail transections at 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after oral dosing. The blood was collected in PCR tubes containing 1 μl of 7.5% EDTA and centrifuged at 3,000 g for 3 min, room temperature. An aliquot of plasma (5 μL) was then placed in a scintillation vial containing 6 mL of CytoScint scintillation fluid (MP Biomedicals, Solon, OH). Radioactivity of the sample was measured using a dual channel liquid scintillation counter (LS 6000 SC; Beckman Coulter Inc., Fullerton, CA). Mice remained awake during the serial blood sampling and had free access to water throughout the experiment.
Data Analysis
The effective permeability (P eff ) of cefadroxil was calculated according to the complete radial mixing model (parallel tube) as described previously (23, 24) :
where Q is the perfusion rate, C in is the inlet concentration of cefadroxil, C out is the outlet concentration of cefadroxil (corrected for water flux), and R and L are the radius and length of the intestinal segment, respectively. The steady-state flux (J) through the intestinal membrane was calculated as: were estimated according to a single saturable term as follows:
The flux equation above, referenced to inlet (or bulk fluid) concentrations of drug, was also modified to account for drug concentrations at the intestinal wall (12, 25) . Accordingly, the P eff was separated into its component parts, the aqueous permeability (P aq ) and the membrane permeability (P w ) such that:
where P aq was estimated by:
In this equation, A is a unitless constant (A02.50 G z +1.125), R is the radius, and D is the diffusion coefficient of cefadroxil in water. G z is the Graetz number, which is the ratio of the mean residence time of a fluid in the intestine to the mean radial diffusion time of a solute, and is calculated according to:
Once the aqueous and wall permeabilities are known, concentrations of drug at the surface of the epithelial cell membrane (C w ) can be calculated as:
and the intrinsic Michaelis-Menten parameters V max and K m estimated as:
With respect to the oral dosing of cefadroxil, the plasma concentration-time profiles were analyzed using a noncompartmental approach (WinNonlin v5.3; Pharsight, Inc., Mountain View, CA). Pharmacokinetic parameters included the peak plasma concentration (C max ), the time to reach a peak concentration (T max ), and the area under the curve from time zero to 120 min (AUC 0−120 ).
Statistical Analysis
The data are presented as mean±standard error (SE). In order to test for significant differences between multiple groups, a one-way analysis of variance was used followed by either Tukey's or Dunnett's test. A p value≤0.05 was considered statistically significant. Prism v4.0 software (GraphPad, La Jolla, CA) was used to perform nonlinear regression analyses of the flux data and to estimate the Michaelis-Menten parameters. Goodness of fit was determined by evaluating the standard error of parameter estimates, by the coefficient of determination (r 2 ), and by visual inspection of the residual plots.
RESULTS
Concentration-Dependent Uptake Studies
To probe the saturable kinetics of cefadroxil transport in jejunum, in situ perfusions were performed over the concentration range of 0.01-25 mM for drug. As shown in Fig. 1a , the uptake of cefadroxil was nonlinear in which the V steady-state flux of cefadroxil to membrane surface concentrations (Fig. 1b) , the intrinsic transport parameters were estimated as V max 04.5 ± 0.3 nmol/cm 2 /s and K m 02.1 ± 0.6 mM (r 2 00.898). Thus, the uptake of cefadroxil was mediated by a low-affinity transporter (i.e., mM Michaelis constants) and by a single transport system, as corroborated by the linear slope observed in the Woolf-Augustinsson-Hofstee transformation of the data (Fig. 1c) .
Regional Permeability Studies
To determine if differences existed in the regional activity of PepT1, the effective permeability of 10 μM cefadroxil was measured in four regions of the intestines in mice. As shown in Fig. 2 , the permeability of cefadroxil was substantially lower in the duodenum (4%), jejunum (12%) and ileum (5%) of PepT1 knockout mice as compared to that in wildtype mice. In contrast, there was no significant difference between genotypes in the permeability of cefadroxil in colon, which was < 10% of values in the small intestine of wild-type animals. In addition, there were no statistically significant differences in cefadroxil permeability between all four intestinal segments of PepT1 knockout mice.
Proton-Dependent Permeability Studies
The effective permeability of 10 μM cefadroxil was initially evaluated over a range of physiological pH values in perfusate (i.e., from 5.5 to 7.5). As observed in Fig. 3a , cefadroxil permeability was somewhat higher at pH 6.0-7.0, although no significant differences were noted over the entire pH range. To further probe this relationship, DMA (an inhibitor of proton/sodium exchange at the apical membrane) was coperfused with cefadroxil (Fig. 3b) . As observed in this drug interaction study, DMA inhibited the PepT1-mediated permeability of cefadroxil, presumably by reducing the driving force for proton:substrate co-transport across the intestinal membrane.
Substrate Specificity Studies
The specificity of jejunal permeability for 10 μM cefadroxil was evaluated by co-perfusing this drug with a variety of potential transport inhibitors (25 mM). In particular, several transport mechanisms were probed with the use of L-His (i.e., substrate for peptide/histidine transporters) and Gly (i.e., substrate for amino acid transporters), GlyPro, GlySar and cephalexin (i.e., substrates for dipeptide transporters), PAH (i.e., substrate for organic acid transporters) and NMN (i.e., substrate for organic cation transporters). As shown in Fig. 4 , the effective permeability of cefadroxil was significantly decreased by the addition of GlyPro, GlySar and cephalexin, indicating that cefadroxil transport in the jejunum was specific for apically located PepT1. On the other hand, no significant effect was observed when L-His, Gly, cephalothin, PAH or NMN was added to the perfusate solution.
Oral Administration Studies Figure 5 shows that the plasma concentration-time profiles of cefadroxil after oral dosing were substantially lower in PepT1 knockout mice than in wild-type animals. Moreover, absorption appears to be the rate-limiting process in mice lacking intestinal PepT1 as the peak value(s) are rather flat and prolonged. With respect to our preliminary pharmacokinetic analysis (n03), the T max was almost 4-fold higher (100±20 min in PepT1 knockout vs. 27±3 min in wildtype animals; p<0.05), the C max 20-to 25-fold lower (1.6 ±0.3 μM in PepT1 knockout vs. 36.4±5.9 μM in wild-type animals; p<0.01), and the AUC 0−120 10-to 15-fold lower (156 ± 29 min•μM in PepT1 knockout vs. 2,088 ± 124 min•μM in wild-type animals; p<0.001) during PepT1 ablation. These results demonstrate that the oral availability of cefadroxil is significantly improved by the presence of intestinal PepT1.
DISCUSSION
The findings in this paper are novel in quantifying the contribution of intestinal PepT1, relative to other active and/or passive transport processes, in the absorption of a peptide-like drug cefadroxil. Using a combination of in situ perfusions and in vivo oral dosing studies in genetically modified mice, we found that: 1) jejunal uptake of cefadroxil was saturable with a K m on the order of 2 to 4 mM; 2) the permeability of cefadroxil in different regions of small intestine was about 10-fold lower in PepT1 knockout compared to wild-type mice; 3) no difference was observed between Fig. 4 Permeability of 10 μM cefadroxil in the jejunum of wild-type mice when co-perfused with potential inhibitors (25 mM). All studies were performed in pH 6.5 buffer. Data are reported as mean ± SE (n04-8). **p<0.01 and ***p<0.001, as compared to the control value. genotypes in the colonic permeability of cefadroxil, which was less than 10% of values in the small intestine of wildtype mice; 4) the jejunal permeability of cefadroxil was dependent on the proton-motive force; 5) cefadroxil permeability in the jejunum was specific for PepT1; and 6) the oral availability of cefadroxil after oral administration was substantially reduced in mice deficient in intestinal PepT1.
For passively absorbed drugs, rat and human permeability estimates based on jejunal perfusions are highly correlated and both values can be used with precision to predict in vivo absorption in human (26) . However, the permeability estimates are 3.6 times higher in human than in rat regardless of the drugs' physical-chemical properties. More importantly, significant deviations from linearity (P eff, human vs. P eff, rat ) are observed for compounds that are actively transported. Although human permeability studies are not available for cefadroxil, such estimates are available for cephalexin, which is also an aminocephalosporin drug that serves as a substrate for PepT1. Thus, the P eff, human of 1.56×10 -4 cm/s for cephalexin (27) is similar to our permeability estimate of 0.80×10 -4 cm/s for cefadroxil in wild-type mice during in situ jejunal perfusions. Mice appear to be a good surrogate of human for studies investigating the transport of peptides/ mimetics by PepT1, as described previously (7, 28) . In particular, these two species are similar with respect to driving forces (i.e., transporter stimulated by proton gradient and insidenegative membrane potential), substrate specificity and affinity, PepT1 expression in the intestine and kidney, and its apical localization in epithelial cells. In contrast, the rat exhibits greater gene expression profiles of intestinal PepT1 as compared to mice and human.
Several studies have demonstrated that cefadroxil can inhibit the uptake of GlySar in different experimental systems such as Caco-2 cell monolayers (29, 30) , LLC-PK 1 cells stably transfected with PepT1 cDNA (31) , and during in situ jejunal perfusions in mice (7) . Other studies have demonstrated the direct uptake of [ 3 H]cefadroxil in Xenopus oocytes expressing the cloned intestinal transporter PepT1 (11, 14) . However, fewer studies have described the transport properties of cefadroxil in animal models of small intestine (12, 13, 32, 33) and no studies have quantitated the PepT1-mediated contribution in the intestinal absorption of this drug. PepT1 is a low-affinity transporter with Km values in the lower mM range for its substrates (2-4). In our in situ jejunal perfusion studies in wild-type mice, the estimated Michaelis constants for cefadroxil (K 0 m 0 3.8 mM based on bulk fluid concentrations and K m 02.1 mM based on intestinal wall concentrations) were consistent with its low-affinity transport by PepT1. These values were also consistent with the Michaelis constants of 5.9 mM (12) and 6.6 mM (13) for cefadroxil during in situ perfusions in proximal small intestine, and with the Michaelis constant of 1.1 mM for cefadroxil in PepT1 cRNA-injected Xenopus oocytes (11) .
The pH-dependent transport of cefadroxil was demonstrated in Caco-2 cells in which the drug exhibited a "bellshaped" curve with a maximum uptake at apical pH values of 6.0 to 6.5 (14) . Whereas drug uptake increased by about 4-fold when shifting the pH from 7.4 to 6.0, the uptake of cefadroxil was decreased by 50% when further reducing the pH to 5.5. In contrast, our in situ perfusion studies in wildtype mice showed that the jejunal permeability of cefadroxil was not significantly affected by buffer pH (Fig. 3a) . This finding is similar to our previous study with GlySar, using the same animal model, where the permeability of dipeptide was increased by only 36% at pH 5.5 but no differences were observed at pH values of 5.0, 6.0, 6.5, 7.0 and 7.4 (7). The acidic microclimate layer that is present at the apical membrane of intestinal epithelial cells containing an intact blood supply can explain the "apparent" discrepancy between these in vitro and in situ studies. This layer, formed by mucus and sodium/proton exchange at the brush border membrane, creates an environment that is highly resistant to changes by bulk fluid pH in the intestine (34, 35) . As a result, the proton dependence of cefadroxil permeability was further probed by adding DMA to the buffer during our in situ jejunal perfusions. As observed in Fig. 3b , the permeability of cefadroxil was reduced by about 60% during these co-perfusion experiments, indicating an indirect effect of sodium/proton inhibition on the PepT1-mediated uptake of substrate at the apical membrane of enterocytes.
To confirm that PepT1 was the only transporter responsible for the intestinal absorption of cefadroxil, high concentrations (25 mM) of known PepT1 substrates were added to buffer during the in situ perfusion studies (Fig. 4) . Thus, the dipeptides GlyPro and GlySar, and the aminocephalosporin drug cephalexin, significantly reduced the intestinal permeability of cefadroxil. On the other hand, the lack of effect by high concentrations (25 mM) of the amino acids L-histidine and glycine, the organic acid PAH, the organic base TEA, and the non-aminocephalosporin drug cephalothin, indicated that other potential transporters of cefadroxil were not a factor in its jejunal permeability. The minor (to negligible) permeability of cefadroxil in the small and large intestines of PepT1 knockout mice would also argue against other transporters as being important in drug absorption (Fig. 2) .
Our in situ perfusion experiments in mice were designed to reflect the intestinal concentrations one would observe after oral administration of cefadroxil in human over a dose range of 250-1,000 mg. Assuming a stomach fluid volume of 250 mL (36, 37) , the concentration of cefadroxil entering the small intestine would be estimated at 2.8 to 11.0 mM over this range, values that were covered by our concentrationdependent study in which cefadroxil was studied from 0.005 to 25 mM. Likewise, cefadroxil was dosed at 44.5 nmol/g in our oral absorption studies where the C max observed in wild-type mice was 36.4 μM (Fig. 5) . This concentration reflected clinically relevant concentrations in human given that C max values of 25 to 50 μM were reported after oral cefadroxil doses of 250 to 500 mg (8, 38, 39) .
It is noteworthy that the 10-fold reduction in cefadroxil permeability in small intestine during the in situ studies is reflected by similar changes (10-to 15-fold) in the systemic exposure of cefadroxil after oral dosing. This finding differs from the approximate 2-fold reductions that were observed for GlySar in PepT1 knockout vs. wild-type mice after oral dipeptide administration (22, 28, 40) . The reasons for this difference may be two-fold: 1) given the larger size of cefadroxil (MW 363) over GlySar (MW 146), passive absorption plays a much reduced role as drug transits through the gastrointestinal tract, and 2) the 10-to 15-fold reduction in cefadroxil systemic exposure may reflect, to some extent, the fact that blood levels were only obtained for 2 hours. It is possible that, given the divergent terminal slopes (i.e., decreasing for wildtype mice and flat for PepT1 knockout animals), the differences in oral availability between genotypes would lessen over time. In this second scenario, the intestine's residual length and long residence times would allow passive processes (e.g., diffusion, paracellular flux) to play a bigger role in the absence of PepT1. This latter scenario is intriguing as it could also explain why no obvious phenotypic abnormalities were observed between wild-type and PepT1 knockout mice (22) .
CONCLUSIONS
In conclusion, the results from these studies are unique in characterizing, for the first time, the in situ and in vivo transport properties of cefadroxil in wild-type and PepT1 knockout mice. The findings are definitive in demonstrating that intestinal PepT1 plays a pivotal role in improving both the rate and extent of absorption for a peptide-like drug. Moreover, the findings strongly support the increasing effort to exploit intestinal PepT1 as a targeting strategy for prodrugs and new chemical entities.
